Introduction
The myopathies associated with glucose metabolism are generally categorized into disorders of glycolysis, glycogenolysis, and glycogen synthesis. These disorders usually present during periods of increased metabolic energy demand (i.e., exercise) and are considered metabolic myopathies; however, some can present with a fixed myopathy and resemble structural myopathies such as muscular dystrophy or congenital myopathies. In this chapter, I shall review the metabolism of glucose within skeletal muscle and the relationship to exercise, present a summary of the main disorders of glucose metabolism, and then summarize therapies. Although Pompe disease is sometimes considered to be a metabolic glycogen storage disease (GSD II), it is better categorized as a lysosomal storage disease and is considered separately in the article by Raben et al. (this issue). Furthermore, the enzyme defect responsible for Pompe disease, acid-alpha glucosidase (GAA), is not involved in metabolic energy provision during exercise in skeletal muscle [1] .
Pathways of Glucose Metabolism in Skeletal Muscle
Glucose is taken up from the plasma by 2 glucose transporters called GLUT4 and GLUT1. GLUT4 is found partially in the sarcolemma and partially within intracellular vesicles that can migrate to the sarcolemma in response to insulin and muscle contraction to enhance glucose uptake. In contrast, GLUT1 is considered a constitutive glucose transporter and does not respond to either insulin or contraction-induced migration. In the postprandial state, when insulin is high, the insulin receptor binding activates IRS1 > Akt that leads to a migration of GLUT4 to the sarcolemma to enhance glucose uptake for glycogen synthesis [2] . In response to skeletal muscle contraction-induced signals (calcium and reactive oxygen species) [3] , GLUT4 also migrates to the sarcolemma to enhance glucose entry for glycolytic flux during prolonged exercise Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13311-018-00684-2) contains supplementary material, which is available to authorized users. and the GLUT4 remains at the sarcolemma for some time after exercise cessation to facilitate the resynthesis of glycogen [3] .
Once glucose enters the muscle, it is phosphorylated by hexokinase II and ATP to form glucose-6-phosphate. Glucose-6-phosphate is then committed to either glycogen synthesis or glycolysis (depending on the hormonal environment) and cannot be used for replenishing blood glucose since skeletal muscle does not have glucose-6-phosphatase, unlike the gluconeogenic organs, the liver and kidney. If epinephrine is high (fasting and exercise), the glucose-6-phosphate will enter the glycolytic pathway to form pyruvate (see below), while if insulin is high, the glucose-6-phosphate will enter the glycogen synthesis pathway for storage for future use.
In the postprandial state, when insulin is high, the glycogen synthesis pathway starts with the conversion of glucose-6-phosphate to glucose-1-phosphate by phosphoglucomutase-1. Glucose-1-phosphate is converted to UDP-glucose through UDP-glucose pyrophosphorylase, and the UDP-glucose moieties are joined end to end in a 1,4-configuration upon the glycogenin-1 protein backbone as a form of priming step. Glycogen synthase is activated by dephosphorylation in the presence of insulin and catalyzes the further linear extension of glycogen through alpha 1,4 linkages. Branching enzyme is also active and catalyzes the branching of the growing glycogen molecules through formation of an alpha 1,6 linkage. Glycogen is found as a granule-like structure both under the sarcolemma (subsarcolemmal) and between the actin-myosin contractile elements (intermyofibrillar) (Fig. 1) . Skeletal muscle glycogen concentration is 200 to 400 mmol/kg dry muscle weight (~400 g total in a 70-kg human) but can double (up to 800 mmol/kg dry muscle mass) in endurance athletes [4] and patients with glycogen storage disease (see Fig. 1 ). Skeletal muscle glycogen concentration in healthy humans can be manipulated by diet with a very high carbohydrate percentage for 3 to 4 days, leading to a near doubling of glycogen concentration (glycogen loading) [5] .
During periods of metabolic demand, the increase in epinephrine leads to a phosphorylation of phosphorylase b kinase that in turn phosphorylates and activates myophosphorylase and hydrolyzes the alpha 1,4-glycosidic links of glycogen to initiate glycogenolysis. Debranching enzyme hydrolyzes the alpha 1,6-glycosidic glycogen bonds to yield glucose-1-phosphate which is then converted to glucose-6-phosphate by phosphoglucomutase-1. Glucose-6-phosphate is then converted to fructose-1-phosphate by G-6-P-isomerase, and the process of glycolysis is initiated. Fructose-6-phosphate is then converted to fructose 1,6-bisphosphate by phosphofructokinase (PFK), the rate-limiting enzyme for glycolysis. PFK is activated by inorganic phosphate liberated during energy demand by ATP hydrolysis and possibly creatine [6] . Fructose 1,6-bisphosphate (6 carbons) is then hydrolyzed to glyceraldehyde 3-phosphate (3 carbons) and dihydroxyacetone phosphate (3 carbons) by aldolase. During high-energy demand, dihydroxyacetone phosphate is converted back to glyceraldehyde 3-phosphate by triosephosphate isomerase. Glyceraldehyde 3-phosphate is converted to 1,3-bisphosphoglycerate by glyceraldehyde phosphate dehydrogenase. 1,3-Bisphosphoglycerate is converted to 3-phosphoglycerate by phosphoglycerate kinase (PGK) and that is then converted to 2-phosphoglycerate by phosphoglycerate mutase 2 (PGAM-2). The 2-phosphoglycerate is then converted to phosphoenolpyruvate (PEP) by β-enolase. Finally, PEP is converted to pyruvate by pyruvate kinase (PK).
In the rest-to-exercise transition and/or under anaerobic conditions, pyruvate is converted to lactate by lactate dehydrogenase in order to regenerate NAD + to keep glycolysis going at the glyceraldehyde phosphate dehydrogenase step. The lactate is then exported from muscle to plasma through monocarboxylate transporter-4 (MCT4) [7] . If the energy demand is sustained and there is oxygen availability, the pyruvate can then enter the tricarboxylic acid cycle after dehydrogenation and decarboxylation by the pyruvate dehydrogenase (PDH) complex. A summary of these pathways can be found in Fig. 2 .
Exercise Metabolism
At the onset of exercise, there is an immediate need for ATP regeneration due to ATPase-mediated hydrolysis of ATP. ATPases are required for many processes associated with muscle contraction including sodium/potassium ATPase (membrane potential), calcium ATPase (reuptake of calcium into the sarcoplasmic reticulum), and myosin ATPase (actin-myosin contraction). The increase in ADP immediately fluxes through adenylate kinase to form ATP (ADP + ADP > ATP + AMP). To keep this equilibration reaction moving in the forward direction, the AMP is removed by myoadenylate deaminase (AMPD1) to form inosine monophosphate (IMP) and ammonia. The IMP is converted to inosine which is converted to hypoxanthine, and this is in turn converted to xanthine and, finally, uric acid by xanthine oxidase. At the onset of exercise, there is also an immediate rephosphorylation of ADP by phosphocreatine (PCr) and by cytosolic creatine kinase (in the presence of a proton (H + ) from glycolysis) to generate ATP and free creatine (Cr). Glycolysis is activated rapidly (within 4-6 s), to provide the bulk of ADP rephosphorylation during the rest > exercise transition and with ischemia [8] .
About half of the ATP generation within the first 8 to 10 s of exercise is from PCr hydrolysis [8] , with glycolysis providing the majority of the ATP from 8 to 10 s to about 60 s (~400 m runner). Although the energy derivation is rapid from anaerobic glycolysis, the resultant proton from the lactic acid (lactate + H + ) will inhibit enzymatic pathways and limit exercise performance. At 2 min of running (~800 m runner), most of the energy is coming from aerobic glycogenolysis/glycolysis through pyruvate dehydrogenase (PDH) to the TCA cycle and the reducing equivalents are then used by the mitochondria to generate ATP in the presence of molecular oxygen. Top athletes have nearly 2 h of glycogen stores in active skeletal muscle to support exercise, and top marathon runners working at 80% of maximal oxygen consumption (VO 2peak ) will use glycogen stores for nearly 100% of a marathon (just over 2 h) [9] . As exercise duration increases beyond 2 h, or if the intensity of the exercise is lower (< 65% VO 2peak ), there will be a proportionate increase in the oxidation of free fatty acids through β-oxidation to supply reducing equivalents to the electron transport chain of the mitochondria [10, 11] . The source of the free fatty acids during exercise is both plasma and intramyocellular lipids (IMCL). Given that FFAs are more reduced than glucose, the amount of oxygen required for oxidation is higher and, thus, when carbohydrate stores are reduced, a runner must slow down and this is perceived during a long run such as a marathon as Bhitting the wall.Ê nergy Crisis in Glycolytic and Glycogenolytic Defects and Rhabdomyolysis
Most patients with glycogenolytic and glycolytic defects will experience an energy crisis during a sustained isometric contraction (ischemic) or repetitive higher-intensity activity for the reasons outlined above. Given that carbohydrate (pyruvate) availability is required for maximal efficiency of mitochondrial electron transport, patients with glycogenolytic and glycolytic defects will have a lower VO 2peak and experience exercise limitations even at lower exercise intensities [12] . Some glycogenolytic and glycolytic defects will experience a Bsecond wind^phenomenon where the rating of perceived exertion and physiological stress metrics (i.e., heart rate and minute ventilation) will increase rapidly during the first few minutes of exercise and then will be rapidly alleviated if the intensity is lowered and time is given for capillary dilatation to provide exogenous substrate and oxygen to the working muscle and for substrate mobilization from liver (glycogenolysis) and adipocytes (lipolysis) [12] .
If a patient with a glycolytic or glycogenolytic defect performs unaccustomed exercise or increases the intensity too rapidly and does not heed the perception of cramps and pain within the contracting muscle, they can experience rhabdomyolysis. Rhabdomyolysis is often defined as an increase in the plasma creatine kinase (CK) of > 10 times the upper limit of normal (ULN =~200 iU/L). The increase in CK is reflective of a breach of the sarcolemma allowing the release of cytosolic enzymes into the plasma. The damage to muscle during rhabdomyolysis from a metabolic myopathy is due to energy deficiency-mediated processes including reactive oxygen species, calcium overload, and ionic imbalance. Although CK is conveniently used as the marker for rhabdomyolysis (and damage from fixed myopathies), it is important to note that many cytoplasmic enzymes are also released including aspartate amino transferase (AST), alanine amino transferase (ALT), lactate dehydrogenase (LDH), aldolase, myoglobin, fatty acid-binding protein, etc. and in the context of rhabdomyolysis, proteins such as ALT, AST, and LDH are reflective of skeletal muscle damage and not liver damage.
The rhabdomyolysis-induced increase in some of these proteins (i.e., myoglobin) and likely cellular debris (apoptotic bodies) can damage the nephron and lead to acute tubular necrosis and acute renal failure. Consequently, many patients with glycogenolytic and glycolytic defects will often report episodes of dark urine (pigmenturia) cotemporal with exercise that they often describe as Btea,^Bred,^Bcola,^Bbrown,B blood-tinged,^or Bvery dark and frothy.^A full description of the assessment and treatment of rhabdomyolysis is beyond the scope of the current chapter; however, the general approach will be discussed. The first aspect of treatment for a patient is preventative recognition and avoidance of the precipitating factors such as unaccustomed exercise, forced exercise, and/or repetitive exercise. With acute rhabdomyolysis, it is essential to take baseline bloodwork (CK activity, creatinine, urea, uric acid, electrolytes (sodium, potassium, chloride, calcium, and magnesium)) and a urinalysis (routine and microscopic, and myoglobin if available). Intravenous fluids with normal saline to maintain a high urine output is the mainstay of therapy [13] , with specific electrolytes added as needed if specific deficiencies are identified. The use of bicarbonate to alkalinize the urine remains unclear. With severe rhabdomyolysis, there can be an acute compartment syndrome that requires wick pressure monitoring and plastic surgery assessment for fasciotomy. If the creatinine is elevated in spite of fluid therapy (often with high urea and potassium), a nephrology consultation is recommended to consider hemodialysis. Defects in Glycogenolysis (Table 1) Myophosphorylase Myophosphorylase is encoded for by the PYGM gene. Mutations in the PYGM gene represent the most common inborn error of metabolism affecting glucose/glycogen metabolism, with an incidence of~1/50,000 to 1/150,000 [14] [15] [16] . Heterozygous or homozygous mutations in the PYGM gene are responsible for GSD V (McArdle disease [17] ), with the p.R50X mutation being the most common in Caucasians [16] . Patients with GSD V usually present in young adulthood (~60% < 10 years of age) with recurrent muscle cramps and pigmenturia with higher-intensity exercise, and most report a second-wind phenomenon [16] . Some patients will also have several bouts of gout due to myogenic hyperuricemia due to compensatory flux through the AK/AMPD1 pathway [18] . Most patients will have a normal neurological examination; however, older patients can sometimes show proximal weakness (including paraspinal muscles) [19] , possibly from multiple bouts of rhabdomyolysis and incomplete interevent skeletal muscle repair. The diagnosis is suspected from the history and blood testing showing high CK activity and often high urate [16] . The classical forearm exercise test consists of the measurement of lactate and ammonia from the antecubital vein before and after repetitive exercise with sphygmomanometer-induced ischemia and showing a failure of the normal lactate rise and an exaggerated ammonia rise [17, 20] . Due to concerns about the potential for inducing compartment syndrome in the forearm, we, and others [21] , have adopted a nonischemic forearm exercise test and have shown that the changes in lactate (or lack thereof) and ammonia are similar to those we found using cuff-induced ischemia, likely due to the fact that repetitive isometric contractions powerfully activates glycogenolysis and glycolysis. Our protocol involves placement of a 22-Ga catheter into the antecubital vein, with blood samples taken in tubes with glycolytic inhibitors for lactate (gray = fluoride oxalate) and ammonia (green = sodium heparin) on ice. We then have the subject squeeze a handgrip dynamometer (squeezing a rolled-up towel or tennis ball will suffice) for 9 s with 1 s relaxation, repetitively for 60 s (6 bouts). We then measure lactate and ammonia at 1 min post exercise. As with our earlier ischemic results [20] , we find very high sensitivity and specificity for GSD V (and other glycolytic defects-see below) with absence of a lactate rise (< 2.0-fold but most are < 50% increase) and an exaggerated ammonia rise (> 2.5-fold). The forearm exercise or aerobic bike test is an adjunct to the history and physical The muscle biopsy in GSD V, and other GSDs, can be misleading if taken after an acute bout of rhabdomyolysis for it can show nonspecific necrosis, neutrophils, and macrophages that can mask classical features. Usually, patients will show absence of myophosphorylase histochemical activity, although this can be falsely positive due to transient upregulation of the embryonic isoform following acute rhabdomyolysis. Other features include an increase in glycogen seen with periodic acid-Schiff staining and vacuoles (glycogen filled) with routine hematoxylin and eosin staining. Electron microscopy shows a nonspecific increase in non-membrane bound glycogen in the subsarcolemmal and intermyofibrillar regions (Fig. 1, inset) .
The standard for molecular diagnosis of GSD V has traditionally been targeted mutation panel analysis for common pathogenic gene mutations (i.e., p.R50X, p.W798R, p.G205S in Caucasians and p.Phe710del in Japanese). Given that there have been~175 pathogenic mutations reported (https://databases. lovd.nl/shared/variants/PYGM), many groups have resorted to Sanger sequencing of all of the coding regions (and intron/exon boundaries) of the PYGM gene. Given that the clinical features of GSD V are similar to several of the other metabolic glycogenolytic and glycolytic defects (see below), and that patients with structural myopathies can present with exercise-induced cramps and pigmenturia (pseudometabolic), several companies now offer next-generation sequencing-based Bmyopathy panels^that include many of the structural genes that can lead to exerciseinduced symptoms (i.e., DYS, SCGA, SCGB, SCGD, TTN, etc.) and all of the GSD-associated genes.
Phosphorylase b Kinase
The phosphorylase b kinase enzyme is a hexadecameric enzyme that has a number of subunits, and I will only consider the 2 subunits that are expressed in muscle and associated with metabolic myopathy: phosphorylase b kinase α skeletal muscle isoform (PHKA1, PHKA1 gene, X-linked recessive, GSD IXd) and phosphorylase b kinase β isoform (PHKB, PHKB gene, X-linked recessive). PKHA1 deficiency (GSD IXd) usually presents with exercise intolerance/cramps and occasionally rhabdomyolysis and muscle weakness [22] [23] [24] [25] . Some have questioned the pathogenicity of mutations in the PHKA1 gene since patients usually have mild symptoms and show a normal rise in lactate in response to forearm exercise [26] . The same group also reported mild hyperCKemia, mild myalgias, a normal lactate response to forearm exercise, but a blunted lactate rise in response to aerobic exercise in 2 men and concluded that GSD IXd is a mild disorder [27] . Although the PHKB gene is expressed in skeletal muscle, mutations typically result in a mild liver phenotype [28, 29] .
Debranching Enzyme
Debranching enzyme is a monomeric enzyme but has 2 catalytic activities: amylo-1,6-glucosidase and 4-α-glucanotransferase. It is encoded for by the AGL gene, and homozygous or compound heterozygous autosomal recessive mutations result in 2 main subcategories: GSD IIIa and GSD IIIb [30] [31] [32] [33] . Subcategory IIIb is less common (15%) and exclusively hepatic, IIIa being the most common (85%), and presents with hepatopathy, cardiomyopathy, and myopathy with weakness and hyperCKemia [31, 33, 34] . Some patients can present only with muscle weakness and hyperCKemia and not other overt clinical features [35] [36] [37] [38] . (Table 1) Glycogenin-1
Defects in Glycogen Synthesis
Glycogenin-1 is a predominantly cardiac and skeletal musclespecific enzyme that functions as a catalytic scaffold-like protein to initiate the end-to-end 1,4 glycosidic links and autoglycosylation of UDP-glucose-forming linear glycogen molecules of~8 glucose molecules in length before glycogen synthase and branching enzyme further elongate the growing glycogen molecule. Glycogenin-1 is also involved in glycogen breakdown [39] . Glycogenin-1 is encoded for by the GYG1 gene, and mutations have been described in GSD XV. The first report of a mutation in the GYG1 was in a young man with postexertional arrhythmia, mild ventricular thickening, and mild muscle weakness [40] . Muscle biopsy showed reduced glycogen, mitochondrial proliferation, and type I fiber predominance [40] . The next report of GYG1 mutations was a case series with 7 adults (onset 17-65 years) with slowly progressive proximal weakness, no cardiac issues, a myopathic EMG, normal CK, and polyglucosan bodies in the muscle biopsy [41] . Another report also found late-onset (50-60 years) proximal weakness with polyglucosan bodies and no cardiomyopathy in 5 patients with homozygous GYG1 mutations [42] . In contrast, severe cardiomyopathy (2 needing heart transplant) without proximal muscle weakness was reported in 3 patients (34-52 years) with homozygous GYG1 mutations [43, 44] . Finally, 9 patients from 5 GSD XV families were reported with a later-onset limb-girdle and/or scapuloperoneal weakness pattern with no cardiomyopathy [45] . Patients with GYG1 mutations do show improvements in exercise capacity with glucose infusion [39] , suggesting that preexercise glucose ingestion will be therapeutically useful.
Glycogen Synthase
The glycogen synthase-1 enzyme is encoded for by the GYS1 gene, and mutations in this gene result in GSD 0 [46] . Patients with GSD 0 can present with exercise-induced arrhythmia, cardiomyopathy, and/or exercise intolerance and possibly epilepsy [46, 47] . Interestingly, mutations in GYS1 are a common cause of exertional rhabdomyolysis and polysaccharide storage myopathy (PSSM) in racehorses [48, 49] . A characteristic feature on muscle biopsy in humans is the absence of glycogen and polyglucosan bodies with mitochondrial proliferation that can mimic mitochondrial myopathies [46] .
Branching Enzyme
Branching enzyme is encoded for by the GBE1 gene, and mutations can result in GSD IV with severe hepatopathy with cirrhosis and varices, severe neuromuscular hypotonia and even arthrogryposis in infancy with hepatomegaly [50] [51] [52] [53] [54] , or adultonset polyglucosan body disease [55] . Adult-onset polyglucosan body disease presents usually after age 50 years with progressive spastic paraparesis, neurogenic bladder, and axonal neuropathy with severe vibration loss [55, 56] . Polyglucosan body disease can mimic ALS, MS, and CMT neuropathy [57, 58] . Polyglucosan bodies can be seen in peripheral nerve and muscle biopsies [56, 57] . (Table 2) Phosphofructokinase Phosphofructokinase (PFK) is the rate-limiting enzyme of glycolysis and catalyzes the conversion of fructose-6-phosphate to fructose 1,6-bisphosphate. The PFK enzyme is encoded for by the PFKM gene, and most mutations have been seen in the Japanese and Ashkenazi-Jewish populations [59] [60] [61] [62] [63] . The clinical description was first described by Tarui and colleagues in 3 Japanese patients with exercise-induced myalgia/stiffness, exercise intolerance, muscle weakness, and a positive forearm exercise test [64] . Clinically, these patients do not show a secondwind phenomenon [65] . Others have confirmed the muscle symptoms [66] , but also reported hemolytic anemia, rhabdomyolysis, and abdominal pain with activity [67] [68] [69] . Myogenic hyperuricemia and gout have been seen due to a compensatory increased flux through the AK > AMPD1 pathway to form uric acid [18] . There have been a few reports of a severe infantile form with weakness, epilepsy, cortical blindness, corneal clouding, and cardiomyopathy [70] [71] [72] [73] . The muscle biopsy shows increased non-membrane bound glycogen, and there is a histochemical enzyme stain available for PFK activity. Given the rarity of GSD VII and the even more rare severe infantileonset form, it is possible that the children with the severe symptoms had a second genetic disease accounting for the CNS phenotype (molecular double trouble).
Defects in Glycolysis

Phosphoglycerate Kinase-1
Phosphoglycerate kinase-1 (PGK-1) catalyzes the conversion of 1,3-bisphosphoglycerate to 3-phosphoglycerate. It is an Xlinked recessive GSD with the protein encoded for by the PGK1 gene. The first patient with exercise intolerance and rhabdomyolysis symptoms was reported by DiMauro and colleagues in 1983 [74] , and this phenotype has been reported by others [75] . Mutations in this gene often result in a chronic hemolytic anemia, intellectual disability, and occasionally late-onset Parkinson disease features [74, [76] [77] [78] [79] [80] .
Phosphoglycerate Mutase
The phosphoglycerate mutase enzyme (PGAM2) is a distal glycolytic enzyme that converts 3-phosphoglycerate to 2-phosphoglycerate. The PGAM2 protein is encoded for by the PGAM gene, and the first autosomal recessive pathogenic mutations were reported in African-Americans with exercise intolerance, exercise-induced muscle cramps, and rhabdomyolysis [81] [82] [83] [84] . Others have been reported from Italian, Japanese, and Pakistani ethnicity [84] [85] [86] [87] [88] . In addition to the accumulation of non-membrane bound glycogen, there are often tubular aggregates on muscle biopsy [81] . Although most patients show an attenuated lactate rise with forearm exercise testing, some show a normal rise [81] . In contrast to GSD V, a second-wind phenomenon is often absent [89] .
β-Enolase
The β-enolase protein is a distal glycolytic enzyme yielding phosphoenolpyruvate from 2-phosphoglycerate and is composed of 3 subunits (α, β, γ) with the β-subunit being the muscle predominant subunit. The β-subunit is encoded for by the ENO3 gene. The first patient described with what was called GSD XIII experienced exercise intolerance with muscle myalgias, no rhabdomyolysis, and no lactate rise with forearm ischemic testing [90] . The mutation was a compound heterozygous for an in trans ENO3 mutation resulting in 5% of residual enzyme activity in skeletal muscle [90] . With only 1 patient diagnosed with GSD XIII, this was considered extremely rare and rather mild; however, 2 other unrelated patients were reported with homozygous mutations resulting in somewhat higher residual activities (10 and 20% residual), yet more severe muscle cramps, postexertional myalgias, rhabdomyolysis, and no significant lactate rise with forearm ischemic testing [91] . Although rare, it should be considered in the differential of a patient with typical myopathic GSD symptoms and/or an attenuated lactate rise on forearm testing.
Lactate Dehydrogenase A
The muscle-specific isoform of lactate dehydrogenase (A) (LDHA) converts pyruvate to lactate in skeletal muscle. The LDHA protein is encoded for by the LDHA gene with compound heterozygous or homozygous mutations leading to symptoms of exercise intolerance, often with myalgia and rhabdomyolysis [92] [93] [94] . Uterine stiffness during pregnancy was also reported, and some patients have typical erythematous skin lesions [92, 95] .
Treatment of Myopathic Metabolic Glycogen Metabolism Defects
Given the rarity of most of the metabolic GSDs, most of the research into therapies has been done with GSD V (McArdle disease) patients [96] [97] [98] [99] [100] [101] [102] [103] [104] ; however, many of the general recommendations can be applied to other myopathic GSDs with some caveats. Prevention is the mainstay of therapy, with patients being educated on the signs and symptoms of a muscle energy crisis and taking steps to avoid triggering situations such as heavy snow shoveling, prolonged isometric contractions (i.e., moving furniture or carrying heavy items), stair climbing, etc. Unfortunately, some patients restrict activity to the point of major inactivity that ultimately leads to obesity, dysglycemia, cardiovascular disease, and other sedentary lifestyle-associated disorders. In fact, many GSD patients have low work capacity and low VO 2peak [12] , and a low VO 2peak and physical inactivity are associated with a higher risk of all-cause mortality [105, 106] . Fortunately, many studies are showing that properly conducted endurance exercise can increase exercise capacity/ fitness and raise the threshold for triggering myalgia > cramps > rhabdomyolysis in GSD V patients [98, 101, 107] ; however, these suggestions are likely applicable to the other metabolic GSDs. Studies have shown increases in VO 2peak , cardiac output, work capacity, and increases in enzyme markers of mitochondrial mass and β-oxidation following 14 weeks of gradually progressive endurance exercise 4 times a week for 30 to 40 min @~65% of heart rate peak in GSD V patients [98] .
We and others [108, 109] have GSD Vand GSD VII patients who have gradually and carefully performed resistance exercise, but this must be done with caution and carefully following all of the suggestions below including dietary state. To minimize the risk of rhabdomyolysis for a metabolic GSD patient who wishes to engage in resistance training, it is important for them to start with low repetitions and low weight and only very gradually increase the weight but to keep the repetitions generally < 10 (as opposed to the usual 12-15 repetitions) in order not to deplete phosphocreatine stores. Given that it takes 2 min for aerobic phosphocreatine replenishment between bouts of contractions, we would recommend not re-exercising the same muscle group for a repeat set for ≥ 3 min. The latter is best accomplished using a circuit-set routine where one does an arm exercise, a leg exercise, and a core exercise and back to the initial exercise. It is essential for the patient to Blisten to their body^and wait for a longer period of time if a muscle remains sore or to stop immediately if the muscle goes into a contracture. The provision of milk-based protein in the early postexercise period can help to maximize muscle protein synthesis and attenuate protein degradation [110] . I would also suggest 48 h (or longer if any myalgia exists) between exercise sessions.
In general, patients should start exercise at a low intensity in a well-hydrated condition (urine light yellow to clear) and avoid exercise with superimposed metabolic stressors such as fever or infection. In disorders with a second wind, it is important to back off on exercise intensity early on if shortness of breath and/or tachycardia is significant and drop the intensity to mitigate myalgias and cramps. It is also important to cease activity and stretch and hydrate if the myalgia and cramps do not subside and to monitor for pigmenturia. If a muscle group is stiff and sore, it is important to wait until that subsides before another exercise bout. For GSD V and presumably phosphorylase b kinase deficiency, the consumption of glucose or sucrose (glucose-fructose) 15 to 40 min before exercise will allow for some pyruvate availability by bypassing the defect and allowing for easier access to the second wind and improved exercise capacity [12, 65, 97, 104] . It is likely that the consumption of sucrose/glucose too early before exercise (≥ 1 h) can lead to an insulin peak and uptake of glucose and glycogen synthesis, rendering the glucose unavailable for the exercise bout. Such a practice can also lead to conversion of glucose to triglyceride storage in adipocytes and obesity, especially if the subsequent exercise does not occur or is of short duration. From a practical perspective, most fruit juices contain varying proportions of glucose and fructose and provide a convenient pre-exercise drink for patients with glycogenolytic defects.
In contrast, the consumption of carbohydrate before exercise in disorders of glycolysis (i.e., GSD VII) has the complete opposite effect and seriously inhibits exercise capacity [111] , for the glucose remains unavailable for pyruvate production and the resultant increase in insulin inhibits the availability of substrates such as free fatty acids (from peripheral and IMCL lipolysis). We have a patient with GSD VII who exercises 6 days per week for the past 10 years, but he must fast overnight and exercise in the morning before eating and early on noted a dramatic attenuation of exercise capacity if he exercised after eating.
From a habitual diet perspective, it is attractive to hypothesize that increasing the proportion of dietary fat and/or protein could provide alternative substrates for exercise metabolism and/or lead to a form of substrate reduction therapy. It is known that an increase in dietary protein (or branched-chain amino acids) can increase the oxidation of branched-chain amino acids [112] , and these can be oxidized by skeletal muscle during endurance exercise [113] . Consequently, it has been suggested that a high dietary protein intake plus alanine to provide pyruvate through the alanine amino transferase reaction improved symptoms in GSD V patients; however, this was an open trial [114] . Furthermore, oral branched-chain amino acids did not improve exercise capacity in GSD V patients [96] . A high dietary protein intake (~25% of energy) has been recommended for patients with GSD III, IV, and IX [115] , with dramatic case report evidence in GSD III [116] .
Collectively, the data would suggest that GSD myopathy patients consume at least 1.2 g protein/kg/day to maintain muscle mass, especially with aging [117] ; however, high intakes of greater than 1.6 g/kg/day cannot currently be recommended given that this level is the maximal one for stimulation of protein synthesis even for athletes performing heavy training [112] . Given that the oxidation of free fatty acids is an important compensatory mechanism in patients with GSD V [118, 119] (and presumably other myopathic GSDs), there has been interest in the use of a ketogenic diet by some patients who have anecdotally reported a significant reduction in GSD-associated symptoms and increased exercise capacity [120] . One report found exercise capacity improvements with a combination of a ketogenic diet and creatine monohydrate [121] . Given the practical challenges in maintaining ketosis and the unknown long-term cardiometabolic effects from a diet containing > 80% dietary fat, it would seem prudent to not routinely recommend such a diet at this time to patients with muscle metabolic GSDs.
Since myophosphorylase binds to vitamin B 6 (pyridoxine) and that pyridoxine is involved in various amino acid transamination reactions that can facilitate non-glucose substrate oxidation, it is possible that pyridoxine could benefit GSD V patients. A case report found improved exercise tolerance and better glycolytic flux after pyridoxine supplementation in a GSD V patient [99] . Another case study reported improved phosphorylase activity, improved exercise capacity, and glycolytic flux after 60 to 90 mg of pyridoxine in a GSD patient [122] . The overall conclusion from a meta-analysis was that pyridoxine was not likely of benefit in GSD V patients [123] ; however, the research in the area is very limited. Given the consequences of pyridoxine deficiency, it would be reasonable for GSD V patients with stop codon mutations (that lead to nonsense mediated protein decay) to ingest a multivitamin that contains pyridoxine to avoid a deficiency state.
Because of the compensatory increase in flux through the phosphocreatine > creatine pathway with impaired glycogenolysis/glycolysis, and the fact that dietary creatine ingestion can lead to increases in phosphocreatine [124] , it was logical to consider that creatine ingestion could improve exercise capacity in metabolic GSD patients [102, 103] . One study found mild evidence for improvement in exercise capacity in GSD V patients with low-dose creatine ingestion [102] , but an impairment in function with high doses (20 g) [103] . It is likely that the lack of dramatic improvement in exercise capacity with creatine loading was due to the fact that the forward reaction requires a proton and that is lacking in disorders of glycogenolysis/glycolysis. Furthermore, high amounts of intracellular free creatine likely inhibit the PFK step in glycolysis [6] . Given the increase in muscle mass and strength seen in a meta-analysis of muscular dystrophies with creatine supplementation [125] , it is plausible that the GSDs that result in fixed proximal weakness may also benefit.
One possible metabolic bypass strategy for the treatment of the glycolytic and glycogenolytic defects could be the anaplerotic TCA cycle precursor triheptanoin. Triheptanoin is a triglyceride with 3 × 7 carbon (7C-odd chain) free fatty acids. The 7 carbon FFAs are metabolized to β-ketopentanoate (5C) and β-hydroxypentanoate (5C) that can enter the TCA cycle as propionyl-CoA > succinyl-CoA and provide an anaplerotic function [126] . In addition to the metabolic bypass potential for triheptanoin [127] , there also may be an enzyme-membranestabilizing effect that enhances the activity of some GBE1 variants that could have a role in the treatment of polyglucosan body disease [128] , and likely GSD IV patients. We have demonstrated an increase in oxidative stress in skeletal muscle from GSD V patients [129, 130] ; consequently, it would be of interest to see if antioxidants could be of some clinical benefit. Finally, it is likely that future research efforts in the area of myopathic GSDs will focus on enzyme replacement therapy (ERT) and genetic manipulation/ editing interventions including viral-mediated gene delivery, liposome-mediated gene delivery, and CRISPR-Cas9 therapy.
